Abstract: Considering the requirement for a reduction of refractory consumption, the present work investigated the fabrication of Al 2 O 3 -MgO-CaO-based refractory with BaO addition by means of solid-state reaction sintering. The effect of BaO addition on densification and the properties of the refractory were also discussed. Results indicated that the formation of calcium hexaluminate (CaO¨6Al 2 O 3 , or CA 6 ) grains with a high aspect ratio in the alumina-rich zone depressed the densification of the sample without BaO addition, resulting in a higher apparent porosity of 21.2%. When 6 wt. % BaO was added, a new phase of Ba 2 Mg 6 Al 28 O 50 (BAM) with a lower aspect ratio was formed and the densification of the sample with an apparent porosity of 5.52% was promoted. In addition, mechanical performance was significantly improved due to an increase in compactness and modification of the microstructure. The cold compressive strength increased from 348 MPa to 569 MPa and the flexural strength increased from 178 MPa to 243 MPa by addition of 6 wt. % BaO. Meanwhile, the breadth of the widest crack after the thermal shock test decreased from 7 µm to 1 µm in the refractory.
Introduction
Materials designed in the alumina-rich zone of the Al 2 O 3 -MgO-CaO system have been widely used as steel ladle linings [1] . Well-grown crystalline of calcium dialuminate (CaO¨2Al 2 O 3 , or CA 2 ) with a very low coefficient of thermal expansion can be obtained at 1600˝C [2, 3] . Although dense magnesium aluminate (MgO¨Al 2 O 3 , or MA) is difficult to fabricate at 1600˝C, it exhibits excellent mechanical, chemical, and thermal properties beneficial for the fabrication of cement rotary kilns, steel ladles, and glass furnace regenerators [4] [5] [6] . Introducing CaO to substitute part of Al 2 O 3 in the alumina-rich zone of the Al 2 O 3 -MgO binary system decreases the mass and heat storage loss of the refractory, thereby producing a lightweight and energy saving Al 2 O 3 -MgO-CaO refractory [7] . According to the literature [2, 8] , the high aspect ratio of calcium hexaluminate (CaO¨6Al 2 O 3 , or CA 6 ) can strengthen the bond between CA 2 and MA grains because of the bridging mechanism. However, sintering CA 6 to full density even up to 1750˝C is difficult [9, 10] , causing its microstructures to become porous with around 20% porosity [11, 12] . This factor is also one of the main reasons for the poor service life (50-300 castings) of steel ladles treated at 1500-1600˝C. Besides, the aluminum-rich part of the BaO-Al 2 O 3 -MgO system has been studied, confirming the existence of Ba 2 Mg 6 Al 28 O 50 (BAM) [13, 14] . The forming process of new phase BAM in Al 2 O 3 -MgO-CaO-BaO refractories consumes part of MA and restrains the formation of CA 6 . Therefore, all the initially formed CA 2 phases were preserved, which was favorable for the densification process considering its good sintering ability. Although many studies have been reported on the phases and microstructure evolution [7, [15] [16] [17] [18] , thermodynamic behavior [6, 19, 20] and the slag attack resistance [21, 22] of this system in the refractory field, few studies focused on improving the densification process have been conducted. Furthermore, the effect of ZrO 2 addition on the densification and mechanical properties of MgAl 2 O 4 -CaAl 4 O 7 -CaAl 12 O 19 composite has been reported [23] . Although ZrO 2 dissolves into CA 6 grain lattice in the form of a solid solution by replacing Al 3+ to promote sintering and thus improve densification, the CA 6 grains showed a more equiaxed morphology, leading to a decrease in thermal shock resistance due to the weak bridging mechanism [20, 24] at high temperatures. Therefore, BaO was added to enhance the sintering performance and mechanical properties of Al 2 O 3 -MgO-CaO refractories. In this study, Al 2 O 3 -MgO-CaO-BaO refractories as steel ladle linings were prepared by reaction and sintering of powder mixtures. The effects of BaO addition on the phase composition, sintering behavior, and properties of this composite were discussed to understand the mechanisms of improving the properties of this system material and to achieve longer service life as steel ladle linings.
Experimental Process
Al 2 O 3 power (particle size 8-12 µm, 99 wt. % purity; Chinalco, Beijing, China), MgO power (particle size 2-3 µm, 99 wt. % purity; Kermel Chemical Reagent, Tianjing, China), CaCO 3 powder (particle size 3-5 µm, 99.5 wt. % purity; Kishida Chemical, Osaka, Japan), and BaO powder (with purity of over 99 wt. % and average grain diameter of 50 nm; Sinopharm Chemical Reagent, Shanghai, China) were used as starting raw materials. BaO powder was added to the Al 2 O 3 -MgO-CaCO 3 with external addition of 2-6 wt. % in accordance with the ratios reported in Table 1 . To obtain complete homogeneous powder mixtures, the mixtures were ball milled using a planetary milling machine (PM400; Retsch, Haan, Germany) for 4 h at a speed of 140 rpm (rotation per minute) with agate balls (5 mm in diameter) and ethanol (99.99% purity; Merck, Darmstadt, Germany) as ball milling media, followed by drying at 120˝C for 24 h. Then, all the batches of mixtures were isostatically shaped to pellets (sized 20 mmˆ20 mmˆ10 mm) under 150 MPa. These prepared specimens were heated in an electric furnace at 1500˝C, 1550˝C, and 1600˝C in air atmosphere with a heating rate of 5˝C/min and a dwelling time of 2 h at peak temperature. After dwelling at different temperatures, the samples were then cooled down to room temperature at a rate of 5˝C/min. MB0  82  10  8  0  MB2  82  10  8  2  MB4  82  10  8  4  MB6  82  10  8  6 The apparent porosity was measured in kerosene in accordance with the Archimedes principle [25] . The crystalline phases were examined by X-ray powder diffraction (XRD; X'pert PRO, PANalytical, Almelo, The Netherlands) using Cu Kα1 radiation (λ = 1.5406 Å) with a step of 0.02˝(2θ) and a scanning rate of 2˝/min in the range of 10˝-90˝. Microstructure evaluation of the sintered compacts was done using a scanning electron microscope (SEM; SSX-550, Shimadzu, Kyoto, Japan) equipped with energy dispersive X-ray analyzer (EDX, Shimadzu, Kyoto, Japan) using sputtered gold coating on the polished surface after thermal etching at 1300˝C for 30 min. Besides, the cold compressive strength was determined by a computer-controlled hydraulic universal test (Model WEW-50, Nake, Jinan, China; specimen dimension of 114 mmˆ114 mmˆ64 mm; the rate of increase of stress in the test is 0.2 MPa/s). At least 5 valid specimens were tested at each condition and the values were calculated according to the following equation: where F max is the maximum load, and L and B are the geometrical parameters of length and breadth of the specimen, respectively. The flexural strength was measured by the three-point bending test method (specimen dimension of 3 mmˆ4 mmˆ35 mm, span of 25 mm, crosshead speed of 0.5 mm/min). Each specimen was polished with a diamond paste (3 µm) and the edges were chamfered (about 45˝). At least 5 valid specimens were tested at each condition and the values of the flexural strength (σ f ) were calculated using the following equation:
where P is the fracture load, L is the support span, W is the specimen width, and T is the specimen thickness. Five specimens of each composition were subjected to the following thermal shock test. The samples were heated at room temperature up to 1100˝C with a heating rate of 10˝C/min in a furnace. After 10 min, the samples were taken out and quenched in water. Quenching was repeated 2 times. The thermal shock resistance of the materials was evaluated qualitatively by comparing the microcracks, which appeared after the thermal shock cycles. Figure 1 shows the apparent porosity of the samples with different contents of BaO after being fired at 1500˝C, 1550˝C, and 1600˝C in air atmosphere. The compactness of the samples heated at 1500˝C and 1550˝C was poor with an apparent porosity of above 25% even with 2 wt. % BaO addition. This condition attributed to the slow diffusion rate of ions at this temperature range. At 1600˝C, the apparent porosity of the sample without BaO addition sharply decreased to 21.2%. On the contrary, the compactness improved significantly by introducing BaO, and the apparent porosity decreased to 5.52% when 6 wt. % BaO was added. This result indicates that the addition of BaO can effectively enhance the densification of Al 2 O 3 -MgO-CaO system material at 1600˝C.
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values were calculated according to the following equation:
where Fmax is the maximum load, and L and B are the geometrical parameters of length and breadth of the specimen, respectively.
The flexural strength was measured by the three-point bending test method (specimen dimension of 3 mm × 4 mm× 35 mm, span of 25 mm, crosshead speed of 0.5 mm/min). Each specimen was polished with a diamond paste (3 μm) and the edges were chamfered (about 45°). At least 5 valid specimens were tested at each condition and the values of the flexural strength (σf) were calculated using the following equation:
where P is the fracture load, L is the support span, W is the specimen width, and T is the specimen thickness.
Five specimens of each composition were subjected to the following thermal shock test. The samples were heated at room temperature up to 1100 °C with a heating rate of 10 °C/min in a furnace. After 10 min, the samples were taken out and quenched in water. Quenching was repeated 2 times. The thermal shock resistance of the materials was evaluated qualitatively by comparing the microcracks, which appeared after the thermal shock cycles. Figure 1 shows the apparent porosity of the samples with different contents of BaO after being fired at 1500 °C, 1550 °C, and 1600 °C in air atmosphere. The compactness of the samples heated at 1500 °C and 1550 °C was poor with an apparent porosity of above 25% even with 2 wt. % BaO addition. This condition attributed to the slow diffusion rate of ions at this temperature range. At 1600 °C, the apparent porosity of the sample without BaO addition sharply decreased to 21.2%. On the contrary, the compactness improved significantly by introducing BaO, and the apparent porosity decreased to 5.52% when 6 wt. % BaO was added. This result indicates that the addition of BaO can effectively enhance the densification of Al2O3-MgO-CaO system material at 1600 °C. Figure 2 shows the XRD patterns of the samples with different BaO contents after heating at 1600˝C for 2 h in air. For the sample without BaO addition, MA, CA 2 , and CA 6 were detected as the main crystalline phases, which was in accordance with the result supplied by the literature [7] . For the samples with BaO addition, the new phase BAM was detected. The peak intensity of MA decreased with increasing BaO content due to the small amount of MA consumption during reaction Figure 2 shows the XRD patterns of the samples with different BaO contents after heating at 1600 °C for 2 h in air. For the sample without BaO addition, MA, CA2, and CA6 were detected as the main crystalline phases, which was in accordance with the result supplied by the literature [7] . For the samples with BaO addition, the new phase BAM was detected. The peak intensity of MA decreased with increasing BaO content due to the small amount of MA consumption during reaction with BaAl12O19 to form BAM (Equations (3) and (4)). Besides, the peak intensity of CA6 decreased sharply and almost disappeared when adding over 4 wt. % BaO. As a result, the peak intensity of CA2 increased remarkably, which was ascribed to prevent the formation of CA6 (Equation (5)). With greater BaO addition, the peaks of BAM were intensified, leading to the formation of more crystalline phase BAM. In addition, when 6 wt. % BaO was added, minimal phase differences were observed compared with the sample with 4 wt. % BaO. 
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Microstructure
To investigate the mechanism of BaO addition in microstructure evolution of Al2O3-MgO-CaO-BaO refractories, we used the typical back-scattered electron (BSE) images of the microstructures of different samples after sintering at 1600 °C for 2 h, as shown in Figure 3 . For the sample without BaO addition (as shown in Figure 3a ), many pores with limited grain growth were observed. Meanwhile, typical platelet morphology of CA6 grains with high aspect ratio was observed, causing low density and porous microstructure. On the contrary, CA2 grains showed normal growth and formed several dense areas.
According to the literature [26, 27] , CA6 possesses a magnetoplumbite structure, which is composed of layered spinel blocks separated by mirror planes. Its growth is limited along both the basal plane (perpendicular to c-axis) and c-axis direction. However, the morphology of CA6 grains shows preferential growth along the basal plate by growth-rate anisotropy. 
To investigate the mechanism of BaO addition in microstructure evolution of Al 2 O 3 -MgO-CaO-BaO refractories, we used the typical back-scattered electron (BSE) images of the microstructures of different samples after sintering at 1600˝C for 2 h, as shown in Figure 3 . For the sample without BaO addition (as shown in Figure 3a ), many pores with limited grain growth were observed. Meanwhile, typical platelet morphology of CA 6 grains with high aspect ratio was observed, causing low density and porous microstructure. On the contrary, CA 2 grains showed normal growth and formed several dense areas.
According to the literature [26, 27] , CA 6 possesses a magnetoplumbite structure, which is composed of layered spinel blocks separated by mirror planes. Its growth is limited along both the basal plane (perpendicular to c-axis) and c-axis direction. However, the morphology of CA 6 grains shows preferential growth along the basal plate by growth-rate anisotropy.
After adding 2 wt. % BaO (as shown in Figure 3b ), a denser microstructure is observed and the porosity decreased presenting smaller and more homogeneous pores. Meanwhile, significant grain growth without abnormal grain growth is observed. The new phase BAM with a larger grain size and lower aspect ratio has substituted a part of CA 6 After adding 2 wt. % BaO (as shown in Figure 3b ), a denser microstructure is observed and the porosity decreased presenting smaller and more homogeneous pores. Meanwhile, significant grain growth without abnormal grain growth is observed. The new phase BAM with a larger grain size and lower aspect ratio has substituted a part of CA6. Besides, CA2 grains presented significant growth and formed more dense areas. The new phase BAM with β-Al2O3 structures is also composed of layered spinel blocks separated by mirror planes. BaAl12O19 is actually constituted by two distinct phases with a β-Al2O3 defective structure. One is Ba-β1-Al2O3 with a composition of Ba0.75Al11O17.25 (Al/Ba = 14.67), which is poorer in barium, whereas another is Ba-β2-Al2O3 with a composition of Ba2.33Al21.33O34.33 (Al/Ba = 9.15), which is richer in barium [28] . A spinel unit (Mg2−xAl4+xO8) is inserted into the Al-spinel blocks of the unstable phase BaAl12O19, forming extended spinel blocks to attain the charge compensation and for further incorporation of MgO, leading to the composition of BAM [14] .
Further increasing BaO content to 4 and 6 wt. %, much denser microstructures and a greater amount of BAM with a larger grain size are observed. In addition, in these two microstructures, the amount of CA6 crystalline phase was further decreased and even disappeared in the sample with 6 wt. % BaO. This result can be proved by the map scanning of element distribution (shown in Figure  4 ). The platelet structures were composed of Ba 2+ , Al 3+ , Mg 2+ , and O 2− , which is in agreement with the XRD analysis results. As reported in literature [26] , the general compound possesses two structures and whichever is adopted is determined by the charge and radius of the cation in the mirror plane. From the above discussion, the densification of Al2O3-MgO-CaO system materials was improved by addition of BaO due to the following three aspects:
(1) The platelet morphology of BAM shows relatively low aspect ratio and significant growth in the thickness direction, which is considered to mean higher lattice diffusion rate and faster mass transfer along the thickness direction, leading to sintering shrinkage and decrease of porosity. (2) With greater BaO addition, the amount of CA6, which is difficult to densify, decreased sharply and even disappeared when 6 wt. % BaO was added. A greater number of CA2 grains, which have better sintering ability and a low coefficient of thermal expansion, were formed. Thus, the densification of the sample was promoted. Further increasing BaO content to 4 and 6 wt. %, much denser microstructures and a greater amount of BAM with a larger grain size are observed. In addition, in these two microstructures, the amount of CA 6 crystalline phase was further decreased and even disappeared in the sample with 6 wt. % BaO. This result can be proved by the map scanning of element distribution (shown in Figure 4 ). The platelet structures were composed of Ba 2+ , Al 3+ , Mg 2+ , and O 2´, which is in agreement with the XRD analysis results. As reported in literature [26] , the general compound A 2`B31 2 O 19 possesses two structures and whichever is adopted is determined by the charge and radius of the cation in the mirror plane. From the above discussion, the densification of Al 2 O 3 -MgO-CaO system materials was improved by addition of BaO due to the following three aspects:
(1) The platelet morphology of BAM shows relatively low aspect ratio and significant growth in the thickness direction, which is considered to mean higher lattice diffusion rate and faster mass transfer along the thickness direction, leading to sintering shrinkage and decrease of porosity. (2) With greater BaO addition, the amount of CA 6 , which is difficult to densify, decreased sharply and even disappeared when 6 wt. % BaO was added. A greater number of CA 2 grains, which have better sintering ability and a low coefficient of thermal expansion, were formed. Thus, the densification of the sample was promoted. Figure 5 shows the changes of cold compressive strength (with the standard deviation) of the bricks containing different BaO amounts and sintering temperatures. Without the addition of BaO, the cold compressive strength was low at sintering temperatures below 1600 °C due to the poor sintering activity in this temperature range. When the sintering temperature was increased to 1600 °C, the strength significantly increased to 365 MPa even without BaO addition, which was attributed to the promotion of densification [17] . Above 1600 °C, the progressive addition of BaO induced a notable increase in strength. When the BaO content was 4 wt. %, the strength dramatically increased to 556 MPa, indicating that the low aspect ratio and significant growth in thickness of the new compound BAM caused the formation of denser microstructures. However, further increasing BaO addition showed little effect on the cold compressive strength. Figure 6 shows the effect of BaO addition on the flexural strength of the samples after heating at 1600 °C for 2 h in air. Compared with the samples without BaO addition, the flexural strength of the samples with 4 wt. % BaO addition increased sharply from 178 to 241 MPa. This result was attributed to the formation of a dense microstructure with homogeneous small pores. For the samples over 4 wt. % BaO addition, the slow growth rate of the flexural strength was mainly ascribed to the lack of increase of compactness. Figure 5 shows the changes of cold compressive strength (with the standard deviation) of the bricks containing different BaO amounts and sintering temperatures. Without the addition of BaO, the cold compressive strength was low at sintering temperatures below 1600˝C due to the poor sintering activity in this temperature range. When the sintering temperature was increased to 1600˝C, the strength significantly increased to 365 MPa even without BaO addition, which was attributed to the promotion of densification [17] . Above 1600˝C, the progressive addition of BaO induced a notable increase in strength. When the BaO content was 4 wt. %, the strength dramatically increased to 556 MPa, indicating that the low aspect ratio and significant growth in thickness of the new compound BAM caused the formation of denser microstructures. However, further increasing BaO addition showed little effect on the cold compressive strength. Figure 5 shows the changes of cold compressive strength (with the standard deviation) of the bricks containing different BaO amounts and sintering temperatures. Without the addition of BaO, the cold compressive strength was low at sintering temperatures below 1600 °C due to the poor sintering activity in this temperature range. When the sintering temperature was increased to 1600 °C, the strength significantly increased to 365 MPa even without BaO addition, which was attributed to the promotion of densification [17] . Above 1600 °C, the progressive addition of BaO induced a notable increase in strength. When the BaO content was 4 wt. %, the strength dramatically increased to 556 MPa, indicating that the low aspect ratio and significant growth in thickness of the new compound BAM caused the formation of denser microstructures. However, further increasing BaO addition showed little effect on the cold compressive strength. Under actual service conditions of the steel ladle, thermal shock is another important factor to consider. Figure 7 shows SEM images of the microstructures of different samples after thermal shock cycling. During cooling of samples from 1100˝C to room temperature, some microcracks emerged inevitably. For Al 2 O 3 -MgO-CaO system material without BaO addition (as shown in Figure 7a,b) , the microcrack was evident and the breadth of the widest crack was about 7 µm. However, after increasing the BaO content to 6 wt. %, the microcrack size decreased sharply and the breadth of the widest crack decreased to less than 1 µm. The improvement of thermal shock resistance of the sample with 6 wt. % BaO is attributed to the following reasons:
Mechanical Properties
(1) The BaO-containing sample was a dense and homogeneous structure, which is attributed to the decrease in size of microcracks. (2) The new phase BAM presented higher bonding strength between MA and CA 2 phases, leading to the increase of thermal shock resistance. (3) The increase in the amount of CA 2 with a very low coefficient of thermal expansion improved the thermal shock resistance. Under actual service conditions of the steel ladle, thermal shock is another important factor to consider. Figure 7 shows SEM images of the microstructures of different samples after thermal shock cycling. During cooling of samples from 1100 °C to room temperature, some microcracks emerged inevitably. For Al2O3-MgO-CaO system material without BaO addition (as shown in Figure 7a,b) , the microcrack was evident and the breadth of the widest crack was about 7 μm. However, after increasing the BaO content to 6 wt. %, the microcrack size decreased sharply and the breadth of the widest crack decreased to less than 1 μm. The improvement of thermal shock resistance of the sample with 6 wt. % BaO is attributed to the following reasons:
(1) The BaO-containing sample was a dense and homogeneous structure, which is attributed to the decrease in size of microcracks. Under actual service conditions of the steel ladle, thermal shock is another important factor to consider. Figure 7 shows SEM images of the microstructures of different samples after thermal shock cycling. During cooling of samples from 1100 °C to room temperature, some microcracks emerged inevitably. For Al2O3-MgO-CaO system material without BaO addition (as shown in Figure 7a,b) , the microcrack was evident and the breadth of the widest crack was about 7 μm. However, after increasing the BaO content to 6 wt. %, the microcrack size decreased sharply and the breadth of the widest crack decreased to less than 1 μm. The improvement of thermal shock resistance of the sample with 6 wt. % BaO is attributed to the following reasons:
Conclusions
(1) The BaO-containing sample was a dense and homogeneous structure, which is attributed to the decrease in size of microcracks. 
Al 2 O 3 -MgO-CaO system materials with BaO addition were fabricated by solid-state reaction sintering to improve their densification and mechanical properties. Based on the above results, the following conclusions have been drawn:
(1) When BaO was introduced to Al 2 O 3 -MgO-CaO system materials, the new phase BAM was formed and the amount of MA decreased slightly. The amount of CA 6 decreased sharply and almost disappeared when 6 wt. % of BaO was added. Besides, more CA 2 remained by inhibiting the formation of CA 6 . (2) With BaO content increasing, the new phase BAM with a lower aspect ratio and thicker grains substituted for CA 6 that exhibits a small grain size and high aspect ratio. In addition, the crystal of CA 2 formed many dense areas. All of the above structural changes efficiently promoted the densification of the Al 2 O 3 -MgO-CaO system materials, with apparent porosity dramatically decreasing from 21.2% to 5.52% when adding 6 wt. % BaO after heating at 1600˝C for 2 h. (3) Attributed to their dense and homogeneous microstructure, as well as good bonding, the cold compressive strength and flexural strength of the sintered samples were greatly enhanced from 365 MPa and 178 MPa to 569 MPa and 243 MPa, respectively. Moreover, the thermal shock resistance also improved by the addition of 6 wt. % BaO.
In summary, BaO addition definitely promotes density. BaO addition is an effective way to improve the mechanical properties of Al 2 O 3 -MgO-CaO-based refractory, such as its cold compressive strength and flexural strength, as well as its thermal shock resistance.
